Abstract Animal models of the rhesus macaque (Macaca mulatta), the most widely used nonhuman primate, have been irreplaceable in neurobiological studies. However, a population-averaged macaque brain diffusion tensor imaging (DTI) atlas, including comprehensive gray and white matter labeling as well as bony and facial landmarks guiding invasive experimental procedures, is not available. The macaque white matter tract pathways and microstructures have been rarely recorded. Here, we established a population-averaged macaque brain atlas with high-resolution ex vivo DTI integrated into in vivo space incorporating bony and facial landmarks, and delineated microstructures and three-dimensional pathways of major white matter tracts in vivo MRI/DTI and ex vivo (postmortem) DTI of ten rhesus macaque brains were acquired. Single-subject macaque brain DTI template was obtained by transforming the postmortem high-resolution DTI data into in vivo space. Ex vivo DTI of ten macaque brains was then averaged in the in vivo single-subject template space to generate population-averaged macaque brain DTI atlas. The white matter tracts were traced with DTI-based tractography. One hundred and eighteen neural structures including all cortical gyri, white matter tracts and subcortical nuclei, were labeled manually on population-averaged DTI-derived maps. The in vivo microstructural metrics of fractional anisotropy, axial, radial and mean diffusivity of the traced white matter tracts were measured. Populationaveraged digital atlas integrated into in vivo space can be used to label the experimental macaque brain automatically. Bony and facial landmarks will be available for guiding invasive procedures. The DTI metric measurements offer unique insights into heterogeneous microstructural profiles of different white matter tracts.
Introduction
Animal models of rhesus macaque (Macaca mulatta), the most widely used nonhuman primate, have been irreplaceable in neurobiological studies. Invasive experiments with macaque models such as electrophysiological recording (e.g., Hendry and Yoshioka 1994; Steinmetz et al. 2000) and chemical tracing (e.g., Schmahmann and Pandya 2006) answer fundamental questions on brain functional systems. More complex cognitive functions and social behavior can also be examined in this intelligent animal. Macaque brain atlases are invaluable for neurobiological investigations. They offer neuroanatomical knowledge of various brain structures, serve as a reference for mapping the functional information gained by other techniques, and provide anatomical guidance for invasive experiments.
Previous neuroanatomical atlases were established with histological staining (e.g., Bowden 1996, 2000; Saleem and Logothetis 2007; Paxinos et al. 2009 ). They usually include the two-dimensional (2D) histological slides with annotation and contours of neural structures and have been a great anatomical reference for primate studies. However, the macaque histological atlases have their limitations. These 2D atlases only provide limited slices and orientations of images. It is difficult to three-dimensionally (3D) reconstruct the neural structures. It is also difficult to make the probabilistic atlas with histological images. Relaxation-based structural magnetic resonance imaging (MRI) macaque brain atlases and templates (Black et al. 2001; McLaren et al. 2009; Frey et al. 2011; Rohlfing et al. 2012 ) are 3D and digital, making establishment of the probabilistic atlas possible. They have excellent contrasts for segmenting gray matter and ventricle. The digital format is interactive, searchable and extensible with many advantages over conventional histology print atlases. The anatomical information from the atlases can be transferred to imaging data of the experimental subjects through image registration, with their digital format. In addition, parcellation and representation based on cortical surface (Van Essen and Dierker 2007) have become available with structural MRI. However, these atlases usually lack the detailed anatomical information of white matter (WM) tracts with the limitation of T1-or T2-weighted contrasts.
Diffusion tensor imaging (DTI) (Basser et al. 1994 ), a modality of MRI, characterizes the water diffusion properties in the brain voxels with a tensor model. With the high contrasts of images derived from DTI, both white and gray matter neural structures can be delineated. DTI-based human brain atlases (e.g., Mori et al. 2008 ) have been widely used for normal and neuropathological brain research. DTI-based macaque brain atlases and templates from in vivo (Adluru et al. 2012; Zakszewski et al. 2014) and ex vivo (Calabrese et al. 2015) macaque brains have become available only recently. With the DTI image registration technique (e.g., Xu et al. 2003) , the probabilistic DTI macaque atlases can also be established with a population average. The atlases with in vivo DTI usually have the limitation of low spatial resolution. On the other hand, the sample distortion due to fixation and confinement of the container during lengthy scans is unavoidable and affects the neuroanatomical accuracy of the atlases based on DTI of postmortem macaque brains. In addition, the skulls were usually stripped for ex vivo DTI to reduce field of view, resulting in removal of the bony and facial landmarks essential for the invasive procedures that count on the guidance of the atlases. In vivo T1-weighted data are usually considered the image with high anatomical fidelity, as it has relatively higher resolution than in vivo DTI, no geometric distortion (e.g., Huang et al. 2008a, b) related to echo planar imaging (EPI) used in DTI, and no distortion related to fixation or container confinement in postmortem brain MRI. Therefore, a digital 3D probabilistic high-resolution DTI macaque brain atlas characterized with comprehensive white and gray matter labeling, averaged from a population, and integrated into in vivo space with bony and facial landmarks incorporated is needed. In vivo space here specifically refers to an anatomical space of in vivo T1-weighted image.
DTI-based tractography has been an effective means to delineate WM tracts (Catani et al. 2002; Wakana et al. 2004; Behrens et al. 2007 ). The major WM tracts connecting different brain regions are often categorized into different tract groups based on their distinct functions. Despite the significance of the macaque WM tracts in functions and connectivity, their in vivo microstructural profiles have not been quantitatively characterized. For human brains, the major cerebral WM tracts are roughly categorized into five tract groups, limbic, projection, commissural, association and thalamic (e.g., Wakana et al. 2004; Huang et al. 2012a, b) . The WM tracts within a tract group perform similar functions. For example, limbic tracts underlie the connectivity in the limbic system and association tracts connect between cerebral cortical areas. With the close relationship of the macaque brain to the human brain, it is possible to categorize the macaque WM tract groups following the same categorization in the human brains. For each WM tract or tract group, besides widely used DTI-derived fractional anisotropy (FA) (Pierpaoli and Basser 1996; Beaulieu 2002 ) and mean diffusivity (MD) for microstructural characterization, radial diffusivity (RD) and axial diffusivity (AxD) are linked to microstructural properties of myelination and axonal integrity, respectively (Song et al. 2005) .
In this study, we presented a population-averaged, highresolution, digital macaque brain DTI atlas that is in in vivo space with bony and facial landmarks preserved. Both in vivo MRI/DTI and ex vivo (postmortem) DTI of ten rhesus macaque brains were acquired. All major WM tracts were traced with DTI tractography. By seamlessly warping high-resolution ex vivo DTI into in vivo space using diffeomorphic correspondences, we built up the comprehensive 2D and 3D digital macaque brain atlas with comprehensive gray and white matter labels. 3D morphology of the cortical gyri, subcortical nuclei and WM tracts of the macaque brain was also delineated comprehensively in this digital atlas. The presented atlas will be freely downloadable at http://www.brainmrimap.org. Furthermore, the FA, MD, AxD and RD of all major macaque cerebral WM tracts categorized into five functionally distinctive tract groups were measured with in vivo DTI.
Materials and methods

Macaques
Ten young adult macaques (age: 5.3 ± 2.8 years; body weight = 5.67 ± 2.34 kg; 6 male and 4 female) obtained from the rhesus macaque colony in the Mind and Brain Institute of Johns Hopkins University underwent in vivo MRI scan and then killed for ex vivo MRI scan. As the macaque life span is about 25 years, the recruited macaques are at the stage comparable to young human adults. All studies were done with great care to ensure the wellbeing of the macaques and were approved by Institutional Animal Care and Use Committee at Johns Hopkins University. After in vivo MRI/DTI, all these ten macaques were killed by perfusion fixation with 4% paraformaldehyde after anesthesia with intramuscular injection of ketamine hydrochloride. Then, the postmortem macaque brains were kept in 10% formalin for at least 2 months before ex vivo highresolution diffusion tensor microimaging (DTMI).
Acquisition of DTI and T1-weighted images of in vivo macaque brains
High-resolution DTI and T1-weighted images were acquired in vivo for ten macaques. A Philips 3T Achieva MR system at Kennedy Krieger Institute was used for in vivo MRI of macaques. After induction by intramuscular injection of ketamine hydrochloride (5-10 mg/kg), general anesthesia during scanning was maintained by either sodium pentobarbital (25 mg/kg IV) or a mixture of ketamine (7 mg/kg) and xylazine (0.5-2 mg/kg), with additional doses given if necessary. The macaque's head was placed in an MRI-compatible stereotactic apparatus to stabilize its position during the scan. The macaque's head in the stereotactic apparatus was placed inside the MRI head coil. For DTI of macaque brains, a single-shot EPI sequence with SENSE parallel imaging scheme (SENSitivity Encoding, reduction factor = 2.5) was used. The diffusion weighting was encoded along 30 independent orientations (Jones et al. 1999) , and the b value was 1000 s/ mm 2 . The imaging matrix was 80 9 80 or 100 9 100 with a field of view (FOV) of 120 9 120 mm or 150 9 150 mm (imaging resolution of 1.5 mm) depending on the head size, which was zero filled to a 160 9 160 matrix. To reduce the effects of distortion caused by B0-inhomogeneity on the brain anatomy of the acquired DTI data, coronal slices of 1.5 mm thickness were acquired perpendicular to the anterior-posterior commissure line (AC-PC). A total of 60-70 slices covered the entire cerebrum and brainstem without gap. The echo time (TE) and repetition time (TR) were 71 ms and 5.41 s without cardiac gating. To increase the signal-to-noise ratio (SNR), three repetitions were performed, with a total imaging time of 10 min and 30 s. Co-registered magnetization-prepared rapid gradient-echo (MPRAGE) images at a resolution of 0.75 9 0.75 9 0.75 mm 3 were also acquired with scan time 6 min and 22 s.
Acquisition of high-resolution DTI data of postmortem macaque brains A Bruker 4.7 T scanner was used for ultra-high-resolution DTI data acquisition. Before ex vivo DTI, the macaque brains were placed in 10% phosphate-buffered saline (PBS) for at least 120 h to allow the exchange of fixation solution and PBS. The macaque brains were then transferred into a custom-made MRI-compatible container and bathed with fomblin (Fomblin Profludropolyether; Ausimont, Thorofare, NJ). A 3D multiple spin echo diffusion tensor sequence with eight echoes was used for DTI imaging. From the eight echoes, eight individual 3D volume images were obtained, which were averaged to enhance the SNR (Zhang et al. 2003; Huang et al. 2008a, b) . A set of diffusion-weighted images (DWI) were acquired in eight linearly independent directions with b value 1000 s/mm 2 . DWI parameters were: TE = 32.5 ms, TR = 0.7 s, FOV = 78 mm/56 mm/58 mm, imaging matrix = 200 9 108 9 108 for a nominal resolution of 0.39 9 0.52 9 0.54 mm 3 (this was zero filled to data matrix 256 9 128 9 128 yielding 0.30 9 0.44 9 0.45 mm 3 interpolated resolution). Two repetitions were performed to increase SNR, with a total imaging time of 45 h for acquiring DTI data of one postmortem brain.
DTI processing
After acquisition, all data were transferred to an off-line workstation where tensor fitting and postprocessing was performed. Automated image registration (AIR) (Woods et al. 1998 ) was conducted on raw DWIs to correct distortion caused by eddy currents. Six elements of the 3 9 3 diffusion tensor were determined by multivariate leastsquare fitting of DWIs. The tensor was diagonalized to obtain three eigenvalues (k 1-3 ) and eigenvectors (m 1-3 ). Anisotropy was measured by calculating fractional anisotropy (FA) (Pierpaoli and Basser 1996) . The tensor fitting was conducted with DtiStudio (Jiang et al. 2006) . Based on fitted tensor, maps of FA, mean diffusivity (MD), axial diffusivity (AxD) and radial diffusivity (RD) were obtained. These procedures of tensor fitting and generation of DTI metric maps were repeated for both in vivo and ex vivo DTI data. The in vivo DTI metric maps were used for microstructural measurement of WM tracts, while ex vivo DTI maps were used for the labeling of neural structures.
Population-averaged macaque brain template with ex vivo imaging resolution integrated into in vivo space Two steps were conducted to generate population-averaged macaque brain in in vivo space while keeping ex vivo high resolution. The large deformation diffeomorphic metric mapping (LDDMM) (Miller et al. 2002) has been used for both steps. First, a middle-sized brain was selected as the single-subject (SS) template. LDDMM was used to align the averaged diffusion-weighted image (aDWI) of ex vivo brain to the skull-stripped T1-weighted image of in vivo brain of the same SS-template macaque subject, after AIR (Woods et al. 1998 ) for linear affine alignment. Geometric deformations caused by brain tissue shrinkage in the fixation and confinement of the container in lengthy ex vivo scanning are clear on the left panel of Fig. 1 . Of the note, aDWI is the average of all non-b0 image in the diffusion MRI. These geometric deformations incorporate both lowdimensional and high-dimensional geometric differences. LDDMM transformation was then used to ''fine tune'' the high frequency geometric differences by providing diffeomorphic correspondences between in vivo and ex vivo space and generalizing the low-dimensional rotations and translation used for rigid alignment to the infinite dimensional case appropriate for correspondences between the two spaces. On the right panel of Fig. 1 , the identical red contour that was delineated with skull-stripped in vivo T1-weighted imaging fits well with the ex vivo brain after LDDMM transformation. In this way, an SS-template was generated in in vivo space while keeping ex vivo high resolution. Secondly, affine and LDDMM transformations to the SS-template in in vivo space were applied to highresolution ex vivo DTI data of other nine macaque brains to generate the population-averaged macaque brain template. For tensor transformation, the affine transformation matrix and LDDMM transformation matrix obtained from the scalar images were applied to the tensor field to create normalized tensor fields with details described in the previous literature (Xu et al. 2003) . Such tensor transformations were conducted with DiffeoMap software (mristudio.org). After co-registration, the cropped brain from T1-weighted images was replaced by high-resolution population-averaged or single-subject DTI data in in vivo space. In this way, the population-averaged or single-subject macaque brain template was generated with ex vivo imaging resolution integrated into in vivo space, with bony and facial landmarks kept. Fig. 1 Illustration of integrating the high-resolution ex vivo macaque brain DTI data (left) into in vivo space (right) using elastic warping with LDDMM transformation T(Á). The identical red contour, characterizing the tissue boundary of in vivo space, was delineated from in vivo T1-weighted images and overlaid on each image to demonstrate the warping effects. aDWI and DTI orientation-encoded colormap were acquired ex vivo, and T1-weighted image was acquired in vivo. aDWI and ss-T1w stand for averaged diffusionweighted image and skull-stripped T1-weighted image, respectively DTI-based tractography of macaque white matter tracts DTI-based tractography was used to segment WM tracts, which were subsequently used as regions of interests (ROI) for measuring tract-specific DTI-derived microstructural metrics. A streamline propagation tractography method (Mori et al. 1999 ) was used for DTI fiber tracking of all ex and in vivo macaque brain DTI data. All major macaque WM tracts were categorized into limbic, commissural, thalamic, projection and association tracts, similar to the categorization used in the human brain (Wakana et al. 2004; Huang et al. 2012a, b) . The tractography protocol for tracing cerebral and brain stem tracts in human brain (Stieltjes et al. 2001; Wakana et al. 2007 ) was also used to trace these tracts in the macaque brains. Most of major WM tracts including left and right cingulum bundles in the cingulate gyrus (cgc-L and cgc-R) and cingulum to the hippocampus (cgh-L and cgh-R) of the limbic system tracts, left and right corticospinal tract (cst-L and cst-R) of the projection tracts, forceps major (fmajor) and forceps minor (fminor) of the commissural tracts, left and right anterior thalamic radiation (atr-L and atr-R) of thalamic tracts and left and right inferior longitudinal fasciculus (ilf-L and ilf-R) and uncinate fasciculus (unc-L and unc-R) of the associate tracts could be reproducibly and reliably traced with both in vivo and ex vivo macaque DTI data. Due to MR susceptibility distortions at the brain stem area and resolution limitations of in vivo DTI data, inferior fronto-occipital fasciculus, fornix and the brain stem tracts including middle cerebellar peduncle, left and right inferior and superior cerebellar peduncle could only be reproducibly traced with ex vivo macaque DTI, but not in vivo macaque DTI. To demonstrate the 3D pathways of macaque WM, all the tracts described above were reconstructed with Amira (FEI software, Hillsboro, OR). The inter-subject transformation matrices were then applied to transfer the tracts into the population-averaged brain template in in vivo template space and generate the probabilistic tracts.
Establishment of the comprehensive white and gray matter macaque brain atlas
The annotation and labeling of the major white and gray matter structures were conducted on the population-averaged high-resolution aDWI images and DTI orientationencoded colormaps warped to in vivo template space. ROIEditor (http://www.mristudio.org) was used for manual labeling. With the integration of ex vivo high-resolution DTI data into in vivo space, the underlying ex vivo highresolution orientation-encoded DTI colormaps were used for annotation of the major WM tracts while the underlying ex vivo aDWI images were used for annotation of cortical gyri and subcortical nuclei. A total of 118 comprehensive white and gray matter neural structures were labeled, as shown in the Table 1 . Both WM tracts and cortical surface were reconstructed in 3D. The contrasts of DTI orientationencoded colormaps and aDWI images and available atlases Bowden 1996, 2000; Saleem and Logothetis 2007) were used as guidance for labeling. In addition, the WM tractography information was used to manually delineate WM tracts on the orientation-encoded DTI colormaps in in vivo template space, similar to the WM labeling of human brain (Wakana et al. 2004 ). The cerebral cortical gyri, the subcortical gray matter and ventricles were manually delineated with the contrast of the highresolution aDWI images in in vivo template space. All the labeling was conducted on the 2D coronal slices. The cross section of the 3D reconstructed WM tracts and parcellated cortical gyral surfaces in the 2D slices, and two other views (axial and sagittal) were used to adjust and refine the labeling. 3D visualizations of the parcellated cortex and subcortical gray matter were generated with Amira (FEI software, Hillsboro, OR).
Microstructural measurements of macaque brain white matter tracts
To avoid postmortem or fixation effects on WM microstructures, in vivo DTI data of the ten macaque brains were used for the microstructural DTI metric measurements of WM tracts. All the tracts for DTI metric measurements were reproducibly traced with all ten in vivo macaque DTI data. Note that the brain stem tracts can be reproducibly traced with ex vivo high-resolution DTI, but not in vivo DTI. Hence, brain stem tracts were not included for in vivo microstructural measurements. Tract-level FA, MD, AxD and RD of individual WM tracts were measured with the traced tracts as the ROIs and these metric measurements averaged over the traced tract ROIs. All four DTI metrics were measured to reveal the comprehensive WM microstructural profiles. To demonstrate the distinctive microstructural properties of categorized WM tract groups, the plots of MD versus FA, AxD versus FA and RD versus FA were generated.
Volumetric measurements of subcortical gray matter structure, ventricle, cerebrum, cerebellum and brain stem
The volumes were measured with in vivo T1-weighted images in the native space of each macaque brain. Semiautomated tissue segmentation with region growing and manual adjustment was conducted by three operators (LF, TJ and QY) to ensure accuracy. Differences between the three operators were less than 5% for all volumes, and the Brain Struct Funct (2017) 222:4131-4147 4135 average was used for final measurement results. The individual absolute volumes of ventricle, caudate nucleus, putamen, thalamus, amygdala and hippocampus were measured for all ten macaques. In addition, the volumes of cerebrum, cerebellum and brain stem were measured.
Results
Population-averaged macaque brain template in in vivo space
DTI of a population-averaged macaque brain template is shown in the Fig. 2 . The population-averaged DTI template was created based on an average of ex vivo DTI data of ten macaque brains and integrated into in vivo space. The orientation-encoded colormap, FA map and aDWI of the population-averaged template are shown in the Fig. 2 . High spatial resolution and superior signal-to-noise ratio are clear. As shown in the Fig. 2 , the contrasts of population-averaged DTI images remain sharp, suggesting high quality of inter-subject registration. Due to these factors, the white and gray matter neural structures were readily delineable on population-averaged template. For example, various WM fibers including small WM fibers (e.g., fornix or fx) can be clearly appreciated from the orientationencoded colormap of population-averaged macaque template, as shown in the enlarged white circle on the right panel of the Fig. 2 .
3D reconstructed and probabilistic white matter tracts
The 3D reconstructed pathways of the major macaque WM tracts are illustrated in Fig. 3 . Similar to human WM tracts, major macaque WM tracts are categorized into six distinctive functional tract groups: limbic tracts (Fig. 3a) , projection tracts (Fig. 3b) , commissural tracts (Fig. 3c ), association tracts (Fig. 3d) , thalamic tracts ( Fig. 3e ) and brain stem tracts (Fig. 3f ). All these tracts were reproducibly traced with ex vivo DTI data of macaque brains. The anatomy of these major macaque WM tracts from a population of macaque brains can be further illustrated with the probabilistic tract maps overlaid on averaged FA map in the in vivo template space in Fig. 4 . Individual differences on tract anatomical pathways are found around the boundaries of the WM bundles, indicated by blue colors with low probability. The core of the anatomical pathways of the WM tracts is consistent, indicated by red and yellow color with high probability (Fig. 4) . Digital macaque brain DTI atlas with comprehensive neuroanatomical labels and bony landmarks included
All atlas labels were established on the population-averaged template in in vivo space. The labels have been refined several rounds to ensure the naturally smooth boundaries of all delineated neural structures appear smooth not only in coronal planes, but also in axial and sagittal planes (Figs. 5, 6, 7, 8) . Figure 5 shows an overview of comprehensive labels of white and gray matter. The labels of both white and gray matter are displayed in Fig. 5a . Using the same colors for the identical gray or white matter neural structures on the left and right hemispheres in Fig. 5a , the symmetry of the white and gray matter labels is clear. The labels of all major WM tracts are Fig. 2 Orientation-encoded colormap, FA map and aDWI averaged from ex vivo DTI data of ten macaque brains and integrated into in vivo space were generated as the population-averaged template.
The white circle highlights the sharp contrasts of different WM tracts in the population-averaged orientation-encoded colormap. cgh cingulum in the hippocampal part, ec external capsule, fx fornix, plic/rlic posterior limb/retrolenticular part of the internal capsule, ptr posterior thalamic radiation Fig. 3 3D reconstructed Fig. 5b , while gray matter cortical gyri and subcortical nuclei are demonstrated in Fig. 5c . The orientation-encoded colormaps (Fig. 5b) and aDWIs ( Fig. 5c ) are shown on the left side of the coronal and axial planes for reference. In addition, the anterior, lateral and superior view of the 3D reconstructed cortical surface with labeled gyri are displayed in Fig. 5d . From Fig. 5b-d , it is evident that both white and gray matter labels match their corresponding anatomical structures. Figure 6 shows the contours of white and gray matter neural structures overlaid on ex vivo high-resolution population-averaged aDWI (upper two rows of Fig. 6a, b) and DTI orientation-encoded colormaps (lower two rows in Fig. 6a, b) , both integrated into in vivo space with bony and facial landmarks included. These contours are based on comprehensive labels of all cortical gyri, subcortical nuclei and WM tracts. The bony, facial and other outside landmarks are from in vivo T1-weighted images. The high degree of alignment between the ex vivo high-resolution brain DTI image and the in vivo skull and tissue images can be clearly appreciated from the integrated images in Fig. 6 . The bony and facial landmarks can be used for guiding invasive experiments on macaque brains. The coronal slices in Fig. 6a and axial slices in Fig. 6b are indicated by red lines across the 3D reconstructed whole head, which is semitransparent with the inside brain displayed in solid yellow. All atlas labels on the populationaveraged aDWIs and orientation-encoded colormaps in evenly sampled coronal and axial planes are shown in Figs. 7 and 8, respectively. The indices and abbreviations of all 118 anatomical labels of brain neural structures including cortical gyri, subcortical nuclei, cerebral ventricles and WM tracts are listed in Table 1 . The volumes of ventricle, caudate, putamen, thalamus, amygdala/hippocampus, cerebellum, cerebrum and brain stem are listed in Table 2 .
Microstructural profiles of the white matter tracts in different tract groups Figure 9 shows the profiles of FA, MD, AxD and RD of all major tracts and relationships among these different DTIderived metrics for live macaque brains. The measurements of FA, MD, AxD and RD of all the tracts are displayed in Table 3 . The WM tract groups with smallest to largest averaged FA in order are limbic tracts, association tracts, Fig. 4 Probabilistic tracts in in vivo template space. The underlying FA map is from the averaged macaque brain template in in vivo space. Individual differences around the boundaries of WM bundles, indicated by cold color with low probability, and consistency at the core of the WM bundles, indicated by warm color with high probability, can be observed. atr anterior thalamic radiation, cgc cingulum in the cingulate cortex, cgh cingulum in the hippocampal area, cst corticospinal tract, fx fornix, ilf inferior longitudinal fasciculus, ifo inferior fronto-occipital fasciculus, unc uncinate fasciculus, scp superior cerebellar peduncle, icp inferior cerebellar peduncle, mcp middle cerebellar peduncle, fmajor/fminor forceps major/minor of corpus callosum thalamic tracts, commissural tracts and projection tracts. The plots with almost linear relationship between FA and AxD ( Fig. 9b) and between FA and RD (Fig. 9c) indicate that the variations of both AxD and RD measurements contribute to FA differences among these WM tracts. For example, the smallest FA values of the limbic tracts are contributed by smallest AxD and highest RD values. On the other hand, the left and right corticospinal tracts (cst) have the largest FA values contributed by the highest AxD and smallest RD values.
Discussion
The population-averaged digital macaque atlas includes a total 118 white and gray matter labels, broken down into 60 labels of cortical gyri, 31 labels of WM tracts and 27 labels of subcortical nuclei or ventricle. The atlas is characterized with integration of high-resolution ex vivo DTI data into in vivo space. Furthermore, the included facial and bony landmarks provide critical neuroanatomical guidance for invasive neurophysiological experiments. The presented macaque brain atlas is population-averaged, comprehensive, three-dimensional, high-resolution and digital with high contrast, established to be a next-generation atlas compared to the previous atlases based on histology. 3D pathways of the WM tracts were revealed by DTI tractography. The WM tracts in the cross-sectional 2D planes were delineated with high contrasts from DTIderived maps. Unique insights into in vivo microstructural profiles of major WM tracts and the microstructural organization among the major WM tract groups were revealed.
Population-averaged digital macaque brain DTI atlas with comprehensive white and gray matter labels Besides integration of in vivo and ex vivo information elaborated in the next discussion section, the most prominent features of the presented atlases are (1) populationaveraged, (2) comprehensive (offering both white and gray matter labels with high contrasts of DTI-derived maps), (3) three-dimensional rooted from data generation (three-dimensional instead of two-dimensional MRI acquisition), (4) high-resolution and (5) digital. Compared to the atlases based on 2D histological images, the presented atlas is adapted to the current needs of mapping the parcellated information in a template space to the users' macaque MRI data in the native space. High contrasts from DTI in the atlas can be used to delineate WM tracts, which cannot be distinguished with previous macaque atlases based on conventional relaxation-based MRI. The higher resolution of this atlas, in contrast to those from in vivo DTI (e.g., Adluru et al. 2012; Zakszewski et al. 2014; Liu et al. 2015; Fig. 5 Comprehensive white and gray matter labels in the axial, parasagittal and coronal orientation. The labels of both white and gray matter are displayed in a typical axial, parasagittal and coronal plane in a. In b, the left and right sides of the coronal and axial planes show the population-averaged orientation-encoded colormaps and their corresponding WM tract labels, respectively. In c, the left and right sides of the coronal and axial planes show the population-averaged aDWI images and their corresponding labels of cortical gyri and subcortical nuclei, respectively. The WM and gray matter labels are directly overlaid on a parasagittal plane of DTI colormap and aDWI image in b, c, respectively. The anterior, lateral and superior view of the 3D reconstructed labeled cortical gyri are displayed in d Shi et al. 2017) , is likely to offer anatomical information in finer detail. For example, the delineation of multiple tracts in a small region is clearly demonstrated in the most right panel of Fig. 2a . Comprehensive white and gray matter neural structures were characterized with 118 labels, based on contrasts of DTI-derived maps, cross sections of the traced fibers (similar to those used in Wakana et al. 2004) and existing macaque brain atlases Bowden 1996, 2000) . Despite that the major delineation was performed on the coronal slides, extensive efforts by neuroanatomists (LF, QY) have been made to refine all 118 labels to achieve naturally smooth boundaries in all three (axial, coronal and sagittal) planes (Figs. 5, 6, 7, 8) as most registration software requires image transformation in 3D. With its population-averaged nature, the anatomical information from this atlas may be used not only for anatomical guidance for neurobiological research, but also for evolution studies.
Parcellation of WM tracts with various intensities (index 61-91 in Table 1 ) is uniquely presented in this atlas. The atlas-making procedures for WM tracts are similar to those used in human brain WM parcellation (Mori et al. 2008) . It is noteworthy that population-averaged DTI color-encoded maps that preserve sharp contrasts were used for manual delineation of white and gray matter labels. Delineation on the population-averaged DTI-derived maps instead of individual maps could represent the common neural structures with less variability among a population of subjects. The reproducibility of the labeled major WM tracts was further confirmed by probabilistic tract maps in Fig. 6 Annotation and labeling of all cortical gyri, subcortical nuclei and white matter tracts on coronal (a) and axial (b) T1-weighted images orientation-encoded aDWI (upper panels in a, b) and DTI colormaps (lower panels in a, b) of the population-averaged macaque brain. All images are presented in in vivo space after integration of ex vivo aDWI and DTI colormaps into the in vivo space. Numbers indicated in the figure are identical to the structure number listed in the Table 1 . The geometric locations of these coronal (a) and axial (b) images are indicated by the red lines on top of a 3D reconstructed whole head with brain highlighted with solid yellow color Fig. 4 showing the reproducible core of major tract bundles among different macaque brains. Cerebral cortical gyri, subcortical nuclei, brain stem structures and ventricle were manually labeled with population-averaged aDWI to yield an atlas with comprehensive anatomical information.
Significance of integration of high-resolution ex vivo DTI data into in vivo space
The high DTI resolution benefits from the lengthy postmortem scan that has several apparent advantages. Postmortem MRI data (Lerch et al. 2012; Calabrese et al. 2015) usually have a high signal-to-noise ratio and are not complicated by physiological factors, subject motion, EPI-induced eddy current distortions or susceptibility artifacts (e.g., Huang et al. 2008a, b) which are especially severe with the big sinuses in the macaque head. However, there are several trade-offs with the high-resolution postmortem DTI, compared to the macaque brain atlases based on in vivo DTI (Adluru et al. 2012; Zakszewski et al. 2014; Liu et al. 2015; Shi et al. 2017) . The postmortem samples were shrunk due to the fixation process. Furthermore, to minimize the potential motion of the samples during the lengthy MRI scan, the samples were usually tightly fitted into the container and the confinement from the container would cause further distortion of the macaque brain in the MR data. The above-mentioned processes are unavoidable and influence anatomical accuracy. With invasive experiments on live macaques irreplaceable in neurobiological studies (e.g., Hendry and Yoshioka 1994; Calkins 1998; Steinmetz et al. 2000) , the bony and facial landmarks need to be preserved in macaque atlases for guiding these procedures, but are usually removed in postmortem scans. To overcome these trade-offs and still take advantage of the high resolution of postmortem brain scans, we integrated high-resolution ex vivo DTI data and in vivo T1-weighted images (Fig. 1) to keep accurate live brain anatomy and bony/facial landmarks of the head (Figs. 6, 7, 8) . Such an integration approach is made possible by the high quality of the image registration. This procedure can be potentially used for brain atlas making of other species. The topology of the corpus callosum (Hofer et al. 2008 ) of macaque brain (Fig. 3c ) is similar to that of the human brain (3D presentations not shown). Of the note, arcuate fasciculus, related to language and other functions unique to humans, could not be reliably traced in the macaque brain and is not shown. Other association tracts were successfully traced, including the uncinate fasciculus, inferior fronto-occipital fasciculus and inferior longitudinal fasciculus, and appear thinner and narrower in the macaque brain (Fig. 3d ) compared to those in the human brain (Wakana et al. 2004 ). This suggests that the connected cortical regions of these association tracts are not as widely distributed as those in the human brain (Huang et al. 2011) . This study has provided unique insights into the microstructural profiles of major WM tracts and into the microstructural organization among the major WM tract groups. The distinctive microstructural properties of the five tract groups can be seen as the clusters of data points in the same colors (Fig. 9) , with different colors indicating different tract groups. FA can be considered approximately as the ratio of AxD over RD. The almost linear relationship of AxD-FA and RD-FA plots in Fig. 9b , c suggests FA changes are contributed by uniform variations of AxD and RD among the tracts. Specifically, a high FA is characterized by a simultaneously high AxD and a low RD and vice versa. Similar to human brain microstructural properties in the literature (Wakana et al. 2007) , the limbic and association tracts have relatively low FA (low AxD and high RD) while the projection and commissural tracts have relatively high FA (high AxD and low RD). The FA of macaque projection tract is the highest, differing from FA profiles in the human brain where FA values of the callosal tracts are the highest (Wakana et al. 2007 ). These measurements (FA, MD, AxD and RD) obtained from in vivo DTI represent live brain WM tract microstructural properties which can be significantly altered by fixation procedures (Dyrby et al. 2011 ).
Data sharing, technical considerations and future directions
All data will be shared with the public through the Web site http://www.brainmrimap.org. These shared datasets include population-averaged and single-subject high-resolution DTI data in in vivo space with or without bony and facial landmarks as well as in vivo T1-weighted image. We expect these datasets will be used for parcellating neuroanatomical structures of users' macaque subject MRI by transforming the delineated labels from these digital atlases. We also expect the bony and facial landmarks will be able to help design the most convenient and effective invasive protocol for in vivo macaque studies such as neurophysiological experiments. The microstructural measures of the macaque WM tract were probably affected by the partial volume effects. However, the partial volume effects may shift the AxD, RD and MD values of all tracts uniformly and therefore less likely affect the relationship of the microstructures among various tracts, namely the microstructural profile or organization observed in Fig. 9 . An analysis pipeline tailored for macaque brain and similar to tract-based spatial statistics (Smith et al. 2006 ) in measuring human brain WM microstructure at its center (''core'') may need to be established in the future to improve the accuracy of macaque brain WM measurements. To fully utilize the atlas, the future direction of this work would include developing a user-friendly software platform with the established atlas at the center to guide invasive procedures and analysis of experimental data. The platform will include both a surgical guidance toolkit and a data organization/registration toolkit. The software platform will be highly interactive and incorporate visualization of invasive needles to aid the surgical plan and help achieve minimum invasiveness. MR images and atlas labels bundled in the platform will also be able to be used as templates for neurobiological data reports in cases that no experimental macaque MRI data are available. 
